Abstract. The degradation of headwater streams is common in urbanized coastal areas, and the role these streams play in contributing to downstream pollution is a concern among natural resource managers and policy makers. Thus, many urban stream restoration efforts are increasingly focused on reducing the downstream flux of pollutants. In regions that suffer from coastal eutrophication, it is unclear whether stream restoration does in fact reduce nitrogen (N) flux to downstream waters and, if so, by how much and at what cost. In this paper, we evaluate whether stream restoration implemented to improve water quality of urban and suburban streams in the Chesapeake Bay region, USA, is effective at reducing the export of N in stream flow to downstream waters. We assessed the effectiveness of restored streams positioned in the upland vs. lowland regions of Coastal Plain watershed during both average and stormflow conditions. We found that, during periods of low discharge, lowland streams that receive minor N inputs from groundwater or bank seepage reduced in-stream N fluxes. Furthermore, lowland streams with the highest N concentrations and lowest discharge were the most effective. During periods of high flow, only those restoration projects that converted lowland streams to stream-wetland complexes seemed to be effective at reducing N fluxes, presumably because the design promoted the spillover of stream flow onto adjacent floodplains and wetlands. The observed N-removal rates were relatively high for stream ecosystems, and on the order of 5% of the inputs to the watershed. The dominant forms of N entering restored reaches varied during low and high flows, indicating that N uptake and retention were controlled by distinctive processes during different hydrological conditions. Therefore, in order for stream restoration to effectively reduce N fluxes exported to downstream waters, restoration design should include features that enhance the processing and retention of different forms of N, and for a wide range of flow conditions. The use of strategic designs that match the dominant attributes of a stream such as position in the watershed, influence of groundwater, dominant flow conditions, and N concentrations is crucial to assure the success of restoration.
INTRODUCTION
Human activities have impacted watersheds worldwide, such that countless rivers and streams are polluted, have highly altered flows, or are severely degraded geomorphically. Many countries are now making substantial investments to improve environmental conditions in these waterways, particularly with respect to the reduction of nutrients. A variety of strategies are being employed including the regulation of point-source pollutant discharge, implementation of land preservation programs, and improvements to stormwater management (Daniels and Lappins 2005, Taylor and Fletcher 2007) . Other strategies target point and nonpoint sources of pollution by reducing the application of excess fertilizer to agricultural land, restoring wetlands or by repairing leaky sewer systems (Verhoeven et al. 2006, Dietz and Clausen 2008) . Projects are also being undertaken to improve water quality in streams by reconfiguring their channels, reconnecting floodplains or simply planting riparian vegetation (Spruill 2000 , Roni et al. 2002 , Rheinhardt et al. 2009 ).
These efforts all have in common the goal of improving water quality but they differ fundamentally in that some of them are designed to prevent pollutants from reaching tributaries (e.g., land-based best management practices [BMPs] ) while others must reduce pollutants that are already in tributaries (e.g., channel restoration projects). Enhancing stormwater infrastructure or reforesting uplands is known to lead to positive 3 E-mail: filoso@umces.edu hydrological changes that help cleanse polluted water before it reaches a stream and also reduce flood-induced channel disturbances that often degrade water quality (Walsh et al. 2005) . Riparian reforestation has also been extensively studied, and while projects may not have immediate effects or work in all settings, over time they can reduce the movement of nutrients and sediments to streams and thus lead to improved water quality (Lowrance et al. 1985 , Jordan et al. 1993 , Meyer et al. 1998 . There are also abundant data to show that, if properly implemented, agricultural BMPs can result in substantial reductions in the movement of nutrients and sediments to adjacent waterways Brinsfield 1995, 2000) . In contrast, data on the water quality benefits of restoration projects that involve in-stream manipulations such as altering channel form or adding in-stream structure are largely absent despite the frequency of the practice .
Stream restoration is a relatively young science and it has only been in the last several years that studies quantifying its ecological effectiveness are starting to be published, with most focusing on benthic invertebrates or geomorphic channel stability (e.g., Moerke et al. 2004 , Smith and Prestegaard 2005 , Sudduth and Meyer 2006 , Tullos et al. 2009 ).
Various channel design options to improve water quality have been suggested (Craig et al. 2008) and there have been a few short-term or small-scale measurements using experimental releases of nutrients or core-scale measurements of denitrification. The experimental releases are used to quantify nutrient ''uptake rate,'' which is a measure of the rate at which dissolved nutrients decline as they move downstream from the release site. This decline could be due to utilization by microbes and algae, temporary storage in the sediments, permanent loss from the stream in the case of nitrogen (due to denitrification), or a combination of these three. Bukaveckas (2007) measured uptake rates in three streams in Kentucky (USA) when flows were low (April-June) and found small increases in uptake rates of nitrate and phosphate in restored vs. channelized stream reaches. Klocker et al. (2009) found no consistent pattern in various measures of nitrate uptake rates in two restored stream reaches in Maryland (USA) during the summer of 2006; however, Kaushal et al. (2008) found higher denitrification rates in the stream banks of one of these stream reaches compared to unrestored reaches. Roberts et al. (2007) added coarse woody debris to disturbed streams as a restoration ''experiment'' and showed that ammonium uptake rates were higher one month after the wood was added. To date, however, there have been no comprehensive studies that determine if in-stream restoration projects can reduce the net export of N to downstream waters, especially during periods of both high and low flows, when retention efficiency can vary dramatically (Shields et al. 2006, Lewis and Grimm 2007) .
We evaluated the effectiveness of restored urban and suburban Coastal Plain streams at reducing the export of N to downstream waters over a three-year period and during high and low flows. For the different hydrological conditions, we examined fluxes of N in different forms, including nitrate (NO 3 À ), ammonium (NH 4 þ ), and dissolved organic and particulate N (DON and PN, respectively) to explore possible mechanisms that control N export to downstream waters. We also quantified restoration effectiveness as a function of position of the restored reach in the watershed. We refer to these positions as upland vs. lowland because the former are positioned higher up in the watershed and the latter are positioned near the tidal boundary. While they differ only slightly in terms of channel grade and valley-floor width, these differences have important hydrologic and geomorphic implications. We tested the hypotheses that (1) restored streams are more effective at reducing N exports than non-restored degraded streams and (2) the N-removal capacity of a restored stream varies between upland and lowland reaches.
The study was conducted in streams in the Chesapeake Bay region, where excess nutrients exported from the watershed associated with an ever growing population and intensive agriculture have caused the bay to become increasingly eutrophic over the last several decades (Kemp et al. 2005 , Fisher et al. 2006 , Williams et al. 2010 . Consequently, this region has one of the highest number of stream restorations (Hassett et al. 2005 ) and diversity of restoration approaches implemented, including restoration in upland and lowland reaches of the Coastal Plain region.
MATERIALS AND METHODS

Site descriptions
The study was conducted in eight streams located within a radius of 40 km in the Coastal Plain of western Maryland in Anne Arundel County (38851 0 N, 76832 0 W), which is one of the most urbanized regions in the United States, and where annual precipitation and temperature average 1130 mm and 13.28C, respectively. The study streams drained dominantly urban and suburban catchments that ranged in size from about 0.4 to 1.4 km 2 (Table 1) , and were serviced either by private septic systems, public sewage treatment facilities, or both. All stream reaches included in the study were in headwaters (first and second order), however, four reaches where positioned higher up in the watershed (upland reaches) and four positioned near the tidal zone (lowland reaches). Headwater streams make up the majority of the channels in the Coastal Plain drainage network and, despite relatively low gradients compared to streams in mountainous terrain, they can destabilize with increased runoff because they lack bedrock controls and are free to adjust with changes in flow. Degradation of stream reaches positioned higher up in the watershed (upland reaches) result in gully-like conditions, where channels lack adjacent floodplains and are characterized by tall banks subject to erosion. Stream reaches positioned near the tidal zone (lowland reaches) are commonly degraded by high sediment deposition from upstream associated with land use changes and channel erosion. These lowland reaches also have relatively wide valleys and gentle slopes.
Three of the upland stream reaches in our study (Bristol [BRI] , Moreland [MOR] , and Mall [MAL]; Table 1 ) were ''geomorphically restored'' using channel design methods (e.g., Gillilan 1996 , Rosgen 1996 , Federal Interagency Stream Restoration Working Group 1998 commonly employed to reduce streambed and bank erosion including some level of channel reconfiguration, bank armoring, boulder placement, and grade controls to increase hydraulic resistance (Fig. 1) . In contrast, each restored lowland study reach was restored with a unique approach. One lowland reach (Spa Creek [SPA]) was restored by regrading its banks, planting riparian grasses, and placing small cobbles and stones along the stream bed, while the other two (Howard's Branch [HBR] and Wilelinor [WIL] ) were restored with less-conventional methods that involved sculpting a combination of back-watered ''step-pools'' of varied sizes connected by small ''riffles,'' adding rock weirs in various places, and establishing vegetated floodplains. These two lowland streams have been transformed into what we call a stream-wetland complex, and also include ponds and shallow wetlands adjacent to the restored reaches (Fig. 1) . One degraded upland and one degraded lowland stream (''controls'') were also monitored. The study reaches in the control (unrestored) streams were similar to the restored reaches in terms of order and length.
Study design
From January 2007 to January 2010, data were collected above, below, and in some cases, within the study reaches. For each sampling site, data were collected during periods of base flow (hereafter referred to as periods of average flow), which we define as the periods when the effect of precipitation on stream volume was minimal and streamflow was relatively stable, and during periods of stormflow. During average flow conditions, water samples were collected and discharge measured above and below each study reach, in surface-flowing lateral inlets, and in groundwater and bank seepages along the reaches. The combination of water (and N) entering a reach upstream, and from lateral inlets or groundwater and bank seepage comprised the ''inputs''; the water and N leaving a reach represented the ''output.'' The net export of N along each reach was subsequently estimated using an inputoutput budget approach, where the sum of inputs entering the reach was subtracted from the amount exported downstream.
During periods of storm flow, discharge and N concentration data were collected on an event basis, but only in restored streams that seemed effective at reducing N fluxes during average flow conditions (based on data from the preliminary phase of the study), and that were also effective at attenuating storm hydrograph peak flows (assessed by comparing peak flows above and below the restored reach). Nitrogen retention effectiveness of the monitored streams was estimated as the difference in fluxes between the two ends of the restored reach during a series of storm events.
Sample collection and analyses
During average flows, water samples were collected biweekly above and below each study reach, and also in any surface-flowing lateral inlets. Water samples were collected manually in 1-L pre-leached polyethylene bottles, and a portion of each sample was immediately filtered through pre-rinsed glass-fiber filters (GF/F, Whatman 0.45 lm nominal pore size) to separate dissolved from particulate N. Filtered water samples were stored in prewashed, high-density, polyethylene bottles and kept on ice in the dark until returned to the laboratory (within 6 hours) where they were frozen until analyzed for dissolved N. Particulate material in the remaining unfiltered samples was collected on precombusted (5008C for 1.5 hours) glass-fiber filters after pouring a measured volume of sample water (!200 mL) into a filtration apparatus in increments of 50 mL and filtering with a vacuum pressure 25.4 cm Hg. When the filter was saturated, it was removed from the base of the apparatus using forceps, placed in labeled glassine envelopes to be frozen and stored until analyses could be performed. Groundwater and bank-seepage samples were collected during average flow conditions during nine different synoptic sampling events in streams where measurable increases in discharge along the study reach were observed. Groundwater samples were collected using mini-piezometers in the streambed over multiple days in the fall of 2009 and spring of 2010. Bank seepage samples were collected when visible in macro-pores, using a syringe to minimize disturbance. Both, groundwater and seepage samples were processed following the protocol used for grab samples, except that no PN samples were collected. Stormflow samples were collected simultaneously above and below the restored reaches of two streams (HBR and WIL), during entire storm hydrographs. Samples were collected on an event basis during 2008, 2009 , and spring of 2010 using automated pump samplers (ISCO 6712; Teledyne Isco, Lincoln, Nebraska, USA) configured to collect 24 or more samples during each event. Sample collection started as soon as stream stage increased 1.5 cm above average flow level and continued at 15-30-minute intervals for the duration that stream stage remained elevated. When a storm event lasted for more than 6 to 12 hours, ISCO bottles were replaced so sampling could continue throughout the falling hydrograph. During warm months, ISCOs were filled with ice until samples could be retrieved a few hours after the end of each storm event. After collection, all samples were stored in a dark and cool container during transport to the laboratory, where they were kept at 48C. All stormflow samples were filtered within 24 to 48 hours for N analyses.
Nitrate plus nitrite (NO 2 À ) concentrations were determined using the cadmium reduction method on a flow injection analyzer (Lachat QuikChem 8000; Hach Company, Loveland, Colorado, USA). Ammonium concentrations were determined using the Berthelot Reaction method (Kerouel and Aminot 1987) . Total dissolved N (TDN) concentrations were determined using the persulfate digestion method (D'Elia et al. 1977) , and the dissolved organic N fraction was calculated by subtracting N in dissolved inorganic forms (NO 3 À þ NH 4 þ ) from TDN concentrations. Particulate N was measured with a Perkin Elmer 2400 CHN elemental analyzer (Perkin Elmer, Waltham, Massachusetts, USA). Total N (TN) was calculated as the sum of TDN and PN. All analyses were performed at the Analytical Laboratory of the Chesapeake Biological Laboratory.
Hydrological measurements
The cross-sectional area method (Gordon et al. 2004 ) was used to measure instantaneous discharge above and below each study reach, and in lateral inlets immediately after water samples were collected during average flow conditions. Discharge from groundwater and bank seepage was estimated as the difference of average discharge measured above and below each reach during average flow conditions. In streams where discharge was lower downstream than upstream, the groundwater and bank seepage input was assumed to be zero. The crosssectional area method was also used to measure discharge during storm flow, and during successive stream stages in order to construct hydrologic rating curves for each sample site (Rantz 1982) . Continuous stream stage height data were recorded at 5-15-minute intervals by automated stage loggers (Onset HOBO Water Level Logger; Onset Computer Corporation, Pocasset, Massachusetts, USA) installed in each stream. Errors associated with the instability of the relationship between stage height and discharge (e.g., due to aquatic vegetation, ice, debris) were evaluated by examining the maximum, minimum, average and standard deviation of each data set. Values outside the expected range were either discarded or substituted by an average of neighboring values.
DATA ANALYSES
Calculation of discharge
Hydrologic rating curves were used to generate continuous records of discharge for each sample site. The total discharge that occurred during a stormflow event was estimated as the sum of the discharge recorded at consistent intervals over a stormflow hydrograph. Total annual discharge was estimated by adding all the interval discharges recorded during a period of one year. We estimated total annual discharges for 2007 to 2010 and used the grand mean to calculate the annual N flux in each stream. The relative contribution of average flow to annual discharge was estimated using the sum of discharges recorded in one year that were less than or equal to the maximum average flow value measured during the year, whereas the relative contribution of storm flow to annual discharge was calculated as the sum of discharges greater than the maximum average flow value measured in a year.
Calculation of discharge-weighted mean concentrations and fluxes
Discharge-weighted mean concentrations of N in stream water were computed as
where C i is the observed concentration of instantaneous stream flow i, Q i is the discharge (L/s) for the interval i when water sample was collected, and the denominator is the sum (R) of discharge. To estimate the annual flux of N exported from each stream during average flow conditions, we first assumed that the discharge-weighted mean concentrations (DWMC) of the every-other-week samples represented concentrations during all periods of discharge equivalent to or below the maximum value observed during biweekly sampling. Similarly, we assumed that the DWMC of samples collected during storm flow represented concentrations during all highflow periods. Total N flux (F j ) for each site was then calculated separately for high and average flows as
where DWMC is the discharge-weighted concentration for each study site, and Q j is the total discharge during either high or average flows during the year. The sum of fluxes from high and average flows yielded the annual fluxes.
Assessment of restoration efficiency
The efficiency of stream restoration at reducing the net export of N downstream was determined by comparing N fluxes in and out of the study reaches during average flow conditions and during storm events. Net N export during average flow was calculated by subtracting the sum of N inputs to the reach (i.e., water from upstream, lateral inlets, bank seepage, and groundwater) from the flux of N at the outflow. Fluxes from upstream, at the outflow, and from lateral inlets were calculated as the product of volume-weighted mean TN concentrations and average biweekly discharge. Groundwater and bank seepage fluxes were calculated as a product of average TDN concentrations of samples collected during synoptic sampling and the average discharge increase along each reach. During high-flow conditions, we evaluated the performance of restoration by calculating N retention/loss along the restored reaches. In addition, because stream degradation in urban catchments is associated with severe-flow-pattern alterations, our assessment of restoration efficiency during high-flow conditions also included the evaluation of storm hydrographs (peak flow characteristics and magnitude) during different storm events.
Uncertainty assessment
Uncertainties associated with the mass balances were estimated by determining the propagation of individual errors generated from the calculation of fluxes included in the input-output model. The error for each component of the mass balance was computed using the Tukey's jackknife procedure for mean concentrations and discharge. To obtain an approximate estimate of the overall error associated with fluxes, a propagation of the component errors was performed as described in FIG. 1. Stream restoration designs used in Anne Arundel County, Maryland, USA. The upper panels show restoration features such as (a) rip-raps and (b) cross vanes used in traditional restoration designs commonly implemented in upland reaches (e.g., BRI, MOR, and MAL). Traditional designs are based on a geomorphic template that refers to a least disturbed reference site (i.e., a semi-pristine stream) to reduce peak flow and control erosion. The lower panels show restoration features such as (c) shallow step pools and (d) riffle weirs, which are part of restoration designs implemented in lowland reaches such as HBR and WIL. Reaches are described in Table 1 . Williams and Melack (1997) , where the reduced term of the propagation equation is
where V is the volume of water, C is the concentration of water, and S is the standard error with the subscripts of volume (v) concentration (c) and total flux (T). After calculating errors in N fluxes from upstream (UF), groundwater þ bank seepage flow (GW þ BS), lateral inlets flow (LF), and downstream (DF), the sum of errors (S total ) from these four components of the mass balance was estimated for each stream as follows:
RESULTS
Discharge
During average flow conditions, discharge was relatively low in all streams, averaging 4.5 and 7.5 L/s above and below the study reaches, respectively, regardless of the stream position (Fig. 2) . However, in upland channels, discharge was about two to four times higher below than above the study reach, while in lowland channels, discharge was higher below the study reach only in the control stream (Control-2) and Wilelinor (WIL; Fig. 2 ). Despite the substantial discharge gains along upland channels, the contribution from lateral inlets was usually less than 5% of the outflow, indicating that discharge increased along these reaches due to gains from groundwater and bank seepage (Fig. 2) .
In the control lowland stream, the observed increase in discharge was due to large inputs from a lateral inlet in the study reach, while at WIL, groundwater and bank seepage seemed to play an important role. However, it is important to mention that what we describe as groundwater and bank seepage at WIL is, in large part, water transferred through a berm from two large stormwater ponds located adjacent to the restored channel. The ponds are slightly elevated in relation to the channel and also constructed of sand and wood chips to allow a constant transfer of water to the stream.
During stormflow conditions, maximum peak discharge in the different streams ranged from 470 to more than 1500 L/s (Table 2 ). Lowland reaches that were ''restored'' to become stream-wetland complexes (HBR and WIL) had less flashy hydrographs during storms than did restored upland reaches (Fig. 3) , despite the fact that WIL drained a highly impervious catchment. Among the upland reaches, paradoxically, only the control (Control-1) had an attenuated hydrograph.
N concentrations and fluxes
Average flow conditions.-Discharge-weighted mean concentrations of TN entering the study reaches upstream varied between approximately 0.5 and 2.2 mg/L, regardless of the stream position in the watershed (Fig.  4) . In both upland and lowland reaches, the highest concentrations were observed in the streams that received water directly from street drainage networks (BRI and SPA). As water moved downstream, discharge-weighted TN concentrations either decreased or increased in the different restored streams, but the largest decreases were observed in streams with relatively high concentrations upstream (Fig. 4) .
Nitrate was the dominant form of N in stream water entering all lowland reaches, but it was the dominant form in only one upland reach (BRI; Fig. 4 ). In the remaining upland reaches, DON and NH 4 þ were the main forms entering the channel upstream; these streams received water directly from retention ponds or stormwater wetlands. Nitrate was also the main form of N exported from most study reaches (outputs; Fig. 4) , however, concentrations usually changed downstream. In upland channels, NO 3 -N concentrations increased downstream, except for BRI, while in lowland channels concentrations either decreased or remained the same (Fig. 4) .
Because TN fluxes are a product of TN concentration and discharge, patterns for fluxes were somewhat different than those for concentrations. In upland channels, TN fluxes below the restoration (outputs; Fig. 5 ) increased considerably in relation to fluxes above the restoration (bars labeled ''upstream'' as part of inputs; Fig. 5 ). In most cases, increases in TN fluxes in upland reaches corresponded to gains from lateral inlets and groundwater plus bank seepage (GW þ BS; Fig. 5 ).
The gains from groundwater and bank seepage were relatively large in upland reaches even though their concentrations were often low in relation to those observed in water entering the channel above the study reach (Table 3 ). In two lowland channels (HBR and SPA, Fig. 5 ), TN fluxes below the restored reach decreased in relation to fluxes above. Both of these reaches had relatively small inputs from groundwater and bank seepage (Fig. 5) .
High-flow conditions.-Our stormflow data summarize hundreds of discrete streamflow samples collected during 10 storm events at HBR and 12 events at WIL ranging in depth from 1 to 62 mm. At HBR, the discharge-weighted mean TN concentrations upstream of the restored reach were similar to those below the reach, except during larger storms (i.e., .18 mm), when concentrations were markedly lower downstream vs. upstream of the restoration project (Fig. 6 ). During these large storms, PN concentrations in streamflow above the restoration were markedly high in comparison to concentrations observed in smaller storms, which contributed to high TN concentrations. Consequently, there was a positive correlation between storm size and discharge-weighted mean TN concentrations above the HBR restored reach.
At WIL, PN concentrations in stormflow were not particularly high during storm events sampled (Fig. 7) , and there was no significant correlation between storm depth and TN concentrations. Above the restored reach at WIL, discharge-weighted TN concentrations varied between about 0.78 and 1.5 mg/L and, apart from a couple of storm events, they were similar to concentrations downstream. However, the relative contribution of the different species of N changed, especially for NO 3 À and NH 4 þ . While NO 3 À concentrations were relatively high upstream of the restoration, they were low downstream. In contrast, NH 4 þ concentrations were substantially lower upstream than downstream. When PN was the dominant form of N entering the restored reach at HBR, TN concentrations decreased substan- tially downstream, suggesting that the efficiency with which restored reaches retained TN during storms increased with PN concentrations upstream (Fig. 8) . In contrast, the efficiency of TN retention at WIL tended to decrease with increasing PN concentrations upstream (Fig. 8) .
Evaluation of stream restoration effectiveness
Average flow conditions.-When the mass of N entering the study reaches (estimated as the sum of inputs from water entering the reach from upstream, lateral inlets, groundwater, and bank seepage) is subtracted from the mass exported downstream, we observe that there were net losses of N in all restored lowland reaches and in one upland reach during average flow conditions (Fig. 9) . Therefore, for these channels, our data indicate that more N entered than exited each restored reach. However, because the accumulation of errors (S T ) associated with the calculation of fluxes in the mass balances was relatively high relative to fluxes for most streams (Table 4) , we cannot conclude that net retention was significant, except for HBR and SPA, and possibly WIL (Fig. 9) . The upland degraded (control) reach was a distinct source of N (i.e., net N export, Fig. 9 ), while the lowland degraded (control) reach was much less so (Fig. 9) .
In general, upland streams had a higher accumulation of errors (S T ) relative to fluxes than the lowland reaches because of additional errors associated with quantifying fluxes from lateral inlets, and groundwater and bank seepages (Table 4) . Therefore, in streams where these sources were small relative to the sum of fluxes (e.g., SPA and HBR), the propagation of errors was lower. The relatively stable nature of water quality in the lowland channels above and below the study reaches during average flow conditions also lowered the magnitude of errors. On average, the lowland restored reaches reduced loads by 0.38 g NÁm
À1
Ád
À1 (Fig. 9) , which represents about 23% of the N entering the stream reaches upstream during average flow conditions. This is a conservative estimate since it includes the modest load reduction observed at WIL. High-flow conditions.-Among the 10 events sampled along the restored reach at HBR during stormflow conditions, we observed a decrease in TN fluxes in nine ( Table 5 ), indicating that the restored reach functioned as a net sink for TN during stormflow conditions. On average, 1.16 g N was retained/removed per linear meter of restored stream per storm event, totaling about 0.34 kg N per storm event. Out of the 12 storm events sampled at WIL, net retention was observed in only four. On average, the WIL reach was a net source rather than a net sink of N, exporting about 0.77 g N per linear meter of restored stream per event. However, since not all inputs to the WIL restored reach were accounted for during stormflow conditions, it is possible that the inputs into the reach were underestimated and, therefore, this reach functioned more as a N sink than our data demonstrate.
DISCUSSION
Our study evaluated the effectiveness of restoration in upland and lowland channels in the Coastal Plain region of Maryland, and the results suggest that two out of six restored reaches (HBR and SPA) were clearly effective at reducing the export of TN to downstream waters. During average flow conditions, these two lowland reaches exported significantly less N downstream of the restoration than the sum of inputs from external sources into the restored reach, but only HBR was considered to be effective during stormflow conditions. Net retention was at best suggested at WIL (i.e., the variability was too high to be conclusive), and we did not find clear evidence that the upland restored reaches reduced N export during any hydrological conditions.
The low gradient and wide stream valleys associated with the position of lowland channels in the watershed were likely crucial factors controlling the export of N in the restored reaches, especially during large storm events when loads of N in particulate form may be high, as we observed at HBR. However, as we will discuss, many other factors are sure to have influenced N-removal capacities of the study reaches. Clearly, comparisons among sites and between restored and control streams in all studies of real-world restoration projects are complicated by inevitable intrinsic preexisting differences among control and restored streams, or by differences in restoration design or implementation at each site. Because we lack pre-restoration data and stormflow data from some sites, the interpretation of our findings is further complicated. Despite these caveats, our findings suggesting that most of the restoration projects did not seem to result in significant decline in the downstream export of N along the restored reach have important implications for N management and for future studies on the water quality benefits of stream restoration.
A possible explanation for the higher retention rates observed at HBR and SPA vs. the other reaches during average flows is that most of the N transported in their channels originated upstream of the restoration as opposed to within the restored reach (i.e., from groundwater and lateral inputs) and, therefore, had more opportunity for in-channel processing. In contrast, as upland restored channels received relatively large amounts of new N from groundwater and bank seepage inputs along the entire length of the reach, it is likely that in-stream biotic uptake of N was insufficient to balance groundwater inputs and internal N cycling (Brookshire et al. 2009 ), resulting in a rapid increase in loads transported downstream. Therefore, unless restoration efforts prevent some of the N in groundwater and bank seepage from entering the restored streams, the effectiveness of restoration in upland channels may be compromised by a limited capacity for in-stream N processing to compensate for groundwater inputs.
Inputs of N from groundwater and bank seepage at HBR and SPA were relatively small either because discharge from these sources was small, which was the case at Spa Creek (SPA), or because most of the groundwater and bank seepage that would have entered the lowland channels directly was retained in seepage wetlands and shallow ponds built adjacent to the restored reach. These wetlands and shallow ponds increased the opportunities for N processing and losses, and also for water losses through evaporation, evapotranspiration, and seepage. In the case of WIL, groundwater and bank seepage also accumulated in two large stormwater ponds and subsequently percolated to the stream through the berms separating the ponds from the restored channel. The berms were made of sand and wood chips with Atlantic white cedar (Chamaecyparis thyoides) planted throughout, and likely promoted N loss and retention via denitrification and plant uptake.
Higher water residence time associated with the lower gradient of lowland channels is another important factor controlling the effectiveness of stream restoration at reducing fluxes exported downstream because it provides opportunities for substantial in-channel N removal and retention, as illustrated by the results from the addition experiments performed in the lowland study channels during average flow conditions (Appendix). However, we have found that the low gradient and higher residence time that characterize lowland channels seem to be also crucial at controlling the export of N in restored reaches during high-water conditions, especially when loads of N in particulate form are high, as we observed during stormflow conditions associated with large rain events at HBR.
We acknowledge that our evaluation of restoration effectiveness at reducing TN export during high flows has limitations because of the small number of restored streams monitored during stormflow conditions, and also because of the limited number of storm events sampled in the streams monitored (Table 5 ). However, because we often observed both N concentrations and stream discharge notably lower below than above the restored reach at HBR during most storm events, our data provide strong evidence that stream restoration potentially plays an important role at reducing the export of N to downstream waters during stormflow conditions. Whether or not most degraded streams, at least in the lowlands of the Maryland Coastal Plain, transport high loads of N in particulate form, which was the main form of N reduced along the restored reach at HBR during stormflow conditions, is a matter for further investigation. Note: S represents the standard error associated with each flux included in the mass balance (US, upstream of study reach; DS, downstream; GWþBS, groundwater þ bank seepage; LI, lateral inlets). Empty cells occur where the specific flux was not measureable and is not included in the balance for a particular stream.
Different forms of N must be considered in restoration efforts
Nitrogen retention is one of the essential ecosystem services (Grimm et al. 2005 ) that restoration seeks to reestablish in streams. Moreover, promoting dissimilative uptake of N or denitrification is the most common goal in restorations that target N reduction because it leads to the permanent removal of N from the system (Kaushal et al. 2008 , Pickett et al. 2008 , Klocker et al. 2009 ). However, while a fundamental condition for denitrification to occur is availability of NO 3 À (Meyer et al. 2005) , organic N is the dominant N pool within rivers across most of the United States and is important even in basins with high anthropogenic sources of N (Scott et al. 2007) .
In streams associated with urbanization, nitrate is commonly the main N form (Grimm et al. 2005) . However, in our study reaches, much of the N was present in other forms. Out of the eight reaches monitored in this study, NO 3 À was the dominant form of N in half of them. Where the contribution of NO 3 À was relatively low, NH 4 þ and DON were the main forms entering and exiting the restored reach. Thus, given the diverse forms of nitrogen that may exist in streams, restoration efforts that focus mainly on promoting instream denitrification, such as establishing organic debris dams (Groffman et al. 2005 ) and inducing hyporheic exchange (Kasahara and Hill 2006) , may fail to reduce N loads if NO 3 À is a minor component of TN in stream water.
We speculate that, for our study sites, dissolved oxygen and DOC may have controlled NO 3 À production in stream reaches where streamflow originated from stormwater ponds and stormwater wetlands (Thouin et al. 2009 ). Stormwater systems have proven to be effective at removing N in dissolved and particulate forms (Lee et al. 2009 ), but they can create an anoxic environment that promotes mineralization and limits nitrification. Water from stormwater ponds and wetlands also has large quantities of particulate carbon relative to N in stream water, which can slow nitrification (Starry et al. 2005 ). In streams not linked to stormwater ponds and wetlands, DON and NH 4 þ could also have originated from septic system discharge and leaking sewage pipes (Bo¨hlke et al. 2006, Bernhardt and Palmer 2007) .
Restoration is only one of many factors influencing N-removal capacity in streams Most N that enters watersheds is removed in terrestrial and riparian areas before entering streams and, while processing N in streams can be substantial, net N removal along a stream reach depends on hydrologic, geomorphic, and biological conditions in the watershed (Wollheim et al. 2008) . Retention capacity of watersheds is assumed to be relatively high, but it is also proportional to inputs (Boyer et al. 2006) ; as inputs to the watershed increase, export to aquatic ecosystems are likely to increase as well. Once excess N enters stream channels, in-stream N removal, especially of NO 3 À , increases with N concentrations in stream water. However, the relationship between concentrations and removal is nonlinear, hence, above a certain concentration level, N-removal capacity in streams becomes saturated (Claessens et al. 2009 ).
In our study streams, we observed that the reaches with the highest concentrations of dissolved inorganic N were those where most streamflow originated directly from street drainage networks, without any stormflow management control upstream (e.g., BRI and SPA). In these reaches, N concentrations decreased substantially along the restored reach during average flows (Fig. 4 ), yet, whether or not restoration was responsible for promoting N removal in both streams is unclear. We observed that at BRI, large portions of the restored reach were covered by iron oxidizing bacteria mats, which may be an indication that the groundwater supplied high levels of reduced iron to the stream channel. Iron oxidizing bacteria can mediate NO 3 À reduction coupled to iron oxidation in aquatic ecosystems (Burgin and Hamilton 2007) , hence, anoxic groundwater with high levels of iron in reduced (ferrous) form rather than stream restoration may have caused the enhanced removal of NO 3 À at BRI. At SPA, the high NO 3 À concentrations combined with a low channel gradient were probably the most important factors yielding the high removal rates observed (Fig. 9) . It is important to note, however, that our results from the NO 3 -N addition experiment at SPA (Appendix) suggest that removal rates would not continue to increase with increasing N concentrations since we found a decrease in N uptake when we elevated NO 3 -N substantially above background levels (i.e., suggesting uptake saturation is likely to occur in these restored channels if N inputs increase). In addition, at the peak of the growing season, thick mats of grassy vegetation grow in this shallow and narrow channel, which likely remove a substantial amount of N from stream water. By contrast, in the winter, after this vegetation has died, N-removal rates decrease (S. Filoso, unpublished data).
Besides the magnitude of N inputs from the watershed and ambient N concentrations, discharge is also known to influence the N-removal capacity of streams. Generally, N-removal rates are lower during high flows because there is little time for stream water and sediments to be in contact (low hydraulic retention). Therefore, as N export in streams occurs increasingly during periods of high flows, the ability of streams to remove N decreases.
As our data show, stormflow contributed the majority of the discharge in the urban and suburban streams we studied (Table 2) , and stormflow N concentrations in the streams that we monitored during stormflow conditions were comparable to or greater than those of average flow conditions (Figs. 7 and 8) . Consequently, we deduce that most of the N in the restored streams was exported during high flows, which means that, restoration efforts that reduce the magnitude of stormflow discharges are more likely to reduce the total export of N on an annual basis.
We observed that, along a relatively short restored reach at HBR (295 m, , assuming an average width of 6 m for the entire restoration reach. For the sake of comparison, we calculated that, during average flow conditions, the same reach reduced N fluxes by an average of 11%, or 1.39 mg NÁm À2 /h À1 , while according to Mulholland et al. (2009) , areal denitrification rates in urban/suburban streams average about 2 mg NÁm À2 /h À1 . The restored design used at WIL was similar to that of HBR, however, we did not observe such consistent net retention in the system during stormflow conditions. One of the reasons may be that, as we did not account for N inputs from lateral inlets during large storms, we presumably underestimated inputs into the system during stormflow conditions and, consequently, the N removal or deposition along the restored reach. Another reason may be that the ponds adjacent to the restored stream channel at WIL are much larger than the shallow ponds at HBR, so they accumulate large volumes of water that overflow into the channel during certain storms. When pond water overflows into the stream channel during storms, additional N is loaded into the restored reach and, consequently, N export is likely to increase downstream.
Whereas restored lowland streams converted to stream-wetland complexes such as HBR and WIL seemed to effectively reduce peak discharges, it is certain that steeper gradients and narrow adjacent floodplains associated with upland reaches may restrict the potential for certain streams to effectively reduce N export to downstream waters during high-flow conditions. Therefore, restoration of these types of streams may need to be accompanied by other measures at the watershed scale that help reduce excess overflow and manage N loads to streams.
Putting urban stream restoration for N management in perspective
While effective management to reduce excess N loads from anthropogenic sources in urban catchments should include a variety of measures at the landscape scale designed to capture, retain and ultimately denitrify this N (Bernhardt and Palmer 2007) , failures at several levels have lead managers to increasingly turn to streams restoration as the main attempt to minimize N loads to downstream or coastal waters (Palmer 2009 ). If stream restoration were to be implemented along entire river networks and at the watershed scale, this management approach would be likely be quite effective at reducing N loads to coastal waters. However, stream reaches targeted for restoration are usually short, have small drainage areas (commonly ,1 km 2 ) and, consequently, contribute relatively little to N export at the watershed scale. Therefore, stream restoration has a limited capacity to substantially reduce the delivery of excess N to coastal waters.
In order to provide some perspective about the magnitude of N flux reduction via stream restoration in a typical urbanizing catchment in the study region, we constructed a back-of-the-envelope N budget based on the catchment characteristics of WIL (Table 6 ) and the best-case scenario for in-stream N retention observed in this study for a restored reach (i.e., net retention for HBR). The main sources of N in the budget and typical for urban and suburban catchments include atmospheric deposition, human waste (septic or sewage), lawn fertilizer, and pet waste (Bernhardt et al. 2008) .
Assuming that in the Chesapeake Bay watershed atmospheric deposition contributes about 10-14 kg NÁha , and fertilizer to lawns 100 kg NÁha À1 Áyr À1 (Boyer et al. 2002 , Wollheim et al. 2005 , Chesapeake Bay Program 2008) , we estimated that the total annual input of N to the catchment was approximately 1700 kg. We also assumed that about 72% of the N inputs to the landscape were retained in the catchment (including terrestrial system, riparian zone); therefore, only about 480 kg of N was loaded into the restored stream. Of the total N loaded into the stream reach, we estimated that 43%, or about 206 kg N/yr, was exported during average flow conditions, and 57%, or 273 kg N/yr, during high water conditions. Therefore, if we consider that, during average flow conditions the restored stream reduced the N export by 13% or about 27 kg N/yr, and during stormflows the removal rate was about 20%, or 55 kg N/yr, the restored reach theoretically removed/retained about 82 kg N/year. The retention/removal is equivalent to 17% of the annual N export and to less than 5% of the total N input to the catchment, a catchment-scale figure consistent with recent estimates by Claessens et al. (2009) for streams in other catchments. Consequently, we reiterate the conclusion Claessens et al. (2009) and others (Bernhardt et al. 2008 , Craig et al. 2008 reached: efforts to substantially reduce watershed N export should focus on riparian and upland interventions on the catchment scale as opposed to focusing only on instream channel processes, especially on a reach scale.
CONCLUSIONS
Despite evidence from our study that only some restoration projects are effective at reducing the export of N in urban/suburban streams, we have shown that load-reduction efficiency can be obtained, especially if restoration reduces the export of N during high water conditions. However, in order to compensate for the increasing pace of anthropogenic N inputs and the concomitant loss in the capacity of N processing in the drainage area (Bernhardt et al. 2008) , streams may need to be increasingly manipulated or highly engineered to manage high N loads, at the expense of losing some of the fundamental functions associated with stream ecosystems. Thus, innovative projects such as those implemented at WIL and HBR could be implemented to reduce N flux in lowland areas if it is acceptable to convert them to dramatically different ecological systems (i.e., more like created wetlands than restored streams). While it remains to be tested, such designs may have limited effectiveness in the uplands unless increases in hydraulic retention are sufficient to remove not only N inputs from upstream but those from groundwater and lateral inlets. It is more likely that success will come from preventing excess N from being loaded into the stream channel in the first place by restoring the riparian vegetation and implementing watershed scale best management practices such as improved stormwater infrastructure. These actions are more likely to promote N removal/retention under stormflows than channel projects. While streams are part of a continuum on a drainage network, restoration is largely implemented in stream reaches as isolated units, where the proximity and magnitude of sources to the restored reach are ignored. Using a combination of approaches that target the source of the problem (i.e., lowering N inputs to the watershed and subsequent delivery to streams) will in the long run be much more likely to provide nutrient reduction and other restoration benefits than focusing on restoring streams one reach at a time (Bernhardt and Palmer 2011) .
